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Luka´sˇ Lachman, Luka´sˇ Slodicˇka and Radim Filip
Department of Optics, Faculty of Science, Palacky´ University,
17. listopadu 1192/12, 771 46 Olomouc,
Czech Republic
Nonclassical quantum effects gradually reach domains of physics of large systems previously con-
sidered as purely classical. We derive a hierarchy of operational criteria suitable for a reliable
detection of nonclassicality of light from an arbitrarily large ensemble of independent single-photon
emitters. We show, that such large ensemble can always emit nonclassical light without any phase
reference and under realistic experimental conditions including incoherent background noise. The
nonclassical light from the large ensemble of the emitters can be witnessed much better than light
coming from a single or a few emitters.
PACS numbers:
Introduction
A stark contrast between classical and quantum
physics continuously attracts high attention of both the-
orists and experimentalists. The strict and large differ-
ence in the theoretical concepts of classical and quan-
tum physics suggests that no smooth transition can exist
[1]. On the other hand, continuous and fuzzy transitions
between quantum and classical effects in many experi-
ments provoke ongoing discussions about an existence of
quantum effects in the domain of classical physics. The
most publicly known example is the Schro¨dinger cat ex-
periment [2–4], which has stimulated many challenging
experimental tests of quantum effects with a large num-
ber of particles. Also, non-classical features of light were
tested on very strong squeezed states [5]. Further, in the
series of experiments in trapped ions [6, 7], cavity-QED
experiments [8, 9], at optical frequencies [10, 11], mi-
crowave frequencies [12] and atomic ensembles [13], the
quantum correlation between a two-level system and an
oscillator has allowed to prepare a nonclassical quantum
state of a larger number of particles. The non-classicality
means here an incompatibility with oscillations possible
in classical coherence theory [14]. There have been devel-
oped many criteria of non-classicality, for example [15],
[16] etc. However, as the number of particles increases,
many already demonstrated nonclassical effects are crit-
ically sensitive to a coupling with an environment [17].
It seems to be therefore very challenging to observe the
nonclassical effects at a truly macroscopic limit of large
ensembles, which correspond to a traditional domain of
classical physics.
Quantum optics may contribute significantly to this
challenge. Essentially, any macroscopic state of light is
generated by a large ensemble of emitters with discrete
energy levels producing individual photons. The most
basic are single photon emitters, developed recently with
very small multi-photon contributions, as was demon-
strated for two-level atoms [18], trapped ions [19], quan-
tum dots [20], NV centers [21] or molecules [22]. Single
photon states of light are advantageously insensitive to
fragile phase and provably exhibit very robust nonclas-
sical and even quantum non-Gaussian features [23–26].
They remain detectable for large optical losses, therefore
suitable for a wide range of applications. Moreover, that
robust non-classicality and quantum non-Gaussianity of
light from a single emitter can be detected by a single-
photon version of the Hanbury-Brown-Twiss (HBT) mea-
surement [27, 28]. Recently, an extension of this measure-
ment has been used to derive a hierarchy of operational
and reliable non-classicality criteria [29].
In this paper we predict that arbitrary large ensemble
of independent, incoherent and even low-efficiency sin-
gle photon emitters can produce experimentally provable
nonclassical light without any phase reference and under
realistic conditions. To prove it, we modify the hierar-
chy of non-classicality criteria [29] for light from many
emitters. The modified criteria allow us to prove that
if single-photon emitters individually produce nonclas-
sical light testable by the criteria, then source consist-
ing of an arbitrarily large number of these single photon
emitters generates also nonclassical light. The proposed
observation of nonclassical light is very robust against
many imperfections of the source. We verify two posi-
tive aspects of emission from ensemble of single photon
sources compared to emission from a single one. First,
the non-classicality can be witnessed more reliably. Sec-
ond, non-classicality of a larger number of emitters is
more robust against the background noise. We suggest a
feasible experimental test of non-classicality of light emit-
ted by large number of trapped ions capable of verifying
our theoretical predictions.
Non-classicality criteria for many emitters
Nonclassical states of light are from the point of view of
coherence theory defined as quantum states beyond the
mixtures of coherent states [14]. A technique for their de-
tection and corresponding applied criteria have to be able
to reliably and unambiguously detect weakly nonclassi-
cal states of light without phase reference and without
any prior assumption about their source. The detectors
must be free of any systematic errors which could cause
2FIG. 1: The proposed scheme for detection of nonclassical-
ity. The light emitted from many emitters is partially col-
limated on a network of 50 : 50 beam-splitters (BS). The
non-classicality can be detected by M avalanche photodiodes
(APD), each in one of the output modes of the network. Prob-
abilities P0 and P0⊗M are determined from the registered de-
tection events.
an overestimation of the non-classicality. Moreover, the
criteria used for the tests of non-classicality have to be
applicable also for a large number of emitters.
The methodology of such operational non-classicality
criteria constructed purely from a prior knowledge about
the detection scheme presented in the Ref. [29] can be
modified to our purpose. The criteria can be applied to
an extension of Hanbury-Brown-Twiss type of the exper-
iment with single photon detectors depicted in Fig. 1.
The emitted light from the source impacts on a network
of beam splitters (BS) and emerging beams are measured
by avalanche photodiodes (APDs). They can distinguish
typically with a low efficiency only photons from the vac-
uum. Both the inefficiency and dark counts of the APDs
reduce the nonclassical aspects, but they cannot produce
them. Ignoring them in the construction of the crite-
ria will not therefore cause overestimation of the non-
classicality. On the other hand, the detection technique
needs to be free of any saturation effects which can ar-
tificially increase the estimated non-classicality. For the
same reason, it is important to measure the effective split-
ting ratios including the transmissivity and reflectivity of
the beam splitters together with the generally different
efficiencies of the APDs and consider it for the derivation
of the criterion.
The non-classicality can be proven from the hierar-
chy of linear functionals P0 + aP0⊗M of the density ma-
trix, in which probability P0 corresponds to events when
a single chosen APD does not click and P0⊗M is the
probability that no click is registered by all M APDs.
Advantageously, we use a parametrization by P0 and
P0⊗M , different to the one used in Ref. [29], to be able
to simply prove our results and reach the best recog-
nition of nonclassical light. We consider now the net-
work of beam-splitters splitting light symmetrically to
all M detectors. Note that the proposed criteria can
be modified for any unbalanced network, similarly to a
simple example in Ref. [29]. Optimizing the functional
P0 + aP0⊗M over all classical coherent states leads to a
threshold function FM (a) = a(1−M) (−aM)−M/(M−1),
where a ∈ (−∞,−1/M). This limitation arises from
an optimal mean number 〈n〉cl = log [−aM ] /(M − 1)
of photons in the classical coherent state. The linear-
ity of the employed functional guarantees that any con-
vex combination of coherent states cannot surpass the
threshold FM (a) for any parameter a. In turn, the ex-
istence of a for which P0 + aP0⊗M > FM (a) guaran-
tees the non-classicality of a given state. The optimal
choice of the parameter a for a particular probability
P0⊗M corresponds to minimizing right side of inequation
P0 > FM (a)− aP0⊗M over a. It gives raise to an explicit
form of sufficient conditions of non-classicality
PM0 > P0⊗M , (1)
which cannot be fulfilled by any classical state of light.
The coherent states reach P0 = P
1/M
0⊗M . The condition
(1) for M = 2 approximates the requirement yielded
from commonly used measurement of intensity correla-
tion function g(2)(0) for states with very low photon flux
〈n〉 ≪ 1 [27]. The derivation of the criterion (1) is ex-
act, without any approximative steps used for example
in Refs. [27, 28]. It is therefore valid even for bright
sources of light, where the photon flux can not be substi-
tuted by a probability of a click. The proposed criteria
(1) are based only on the knowledge about the detection
method, for example the effective beam splitting ratio.
It is therefore suitable to reliably detect very small non-
classicality of bright light. Importantly, inequation (1)
cannot be satisfied by any multi-mode classical state
ρ =
∫
P (α1, ...αi)|α1〉〈α1| ⊗ ...⊗ |α1〉〈αi|d2αi...d2αi,
(2)
which is a consequence of the fact, that the threshold
function FM (a) resulting from the optimization does not
increase due to the multi-mode structure. The non-
classicality of light from any source can be thus examined
even for an arbitrary large number of modes.
Suitable form of the hierarchy of non-classicality crite-
ria (1) allows to straightforwardly prove following result.
Consider an ensemble of independent emitters. Each
emitter gives raise to probability of no detection events
P0,i and P0⊗M ,i, where subscript i denotes probabilities
for an emitter i. Because emitters are considered inde-
pendent, the vacuum probability of the whole ensemble
yields P0⊗M = Π
N
i=1P0⊗M ,i and P0 = Π
N
i=1P0,i. There is
a connection between non-classicality of a single emitter
and the non-classicality of whole ensemble following from
the statement
(∀i : PM0,i > P0⊗M ,i)⇒
(ΠNi=1P0,i)
M > ΠNi=1P0⊗M ,i ⇔ PM0 > P0⊗M (3)
for arbitrary M ≥ 2, where i = 1, . . . , N . Therefore, any
ensemble of independent emitters all individually satis-
fying (1) generates arbitrarily bright nonclassical light
detectable by the same criterion (1). Due to a very suit-
able parametrization of the problem, the expression can
be proved by simple algebraic rules. A main task was to
find the most suitable parametrization of non-classicality
3criteria, so that the proof is simple and broadly under-
standable. Although participating N single-photon emit-
ters can be quite different, the non-classicality of light
emitted by each emitter suffices to obtain a nonclassical
state yielded from arbitrarily large ensemble of them. In
the Supplementary Material, we discuss a tolerance of
the nonclassical light emission from realistically unstable
large ensembles.
Reliability of nonclassical criteria
To obtain a conclusive proof of non-classicality, the
statistical errors of the measured distance from the non-
classicality threshold have to be sufficiently small. The
necessity of small errors dictates in turn a minimal time
needed for such experimental estimation. We have cho-
sen a logarithmic scale for its better interpretations.
The criteria (1) get a linear condition M log10 P0 <
log10 P0⊗M . We consider a simplest example of an en-
semble of N single photon emitters, where any emit-
ter produces maximally a single photon in the state
ρS = η|1〉〈1|+(1− η)|0〉〈0|. The probabilities for the cri-
terion (1) are P0 = (1− η/M)N and P0⊗M = (1− η)N .
Let us define distances along the axes for states above
the threshold
d0 = log10 P0 − log10 M
√
P0⊗M
d0⊗M = log10 P
M
0 − log10 P0⊗M . (4)
The convenient choice of the log-log space for the de-
scription of the distance from the threshold (4) connects
both distances d0⊗M and d0 so that d0⊗M = Md0. From
the point of view of measurement, the relevant distance
d from the threshold is given by d =
√
d2
0⊗M
+ d20, which
implies d =
√
M2 + 1d0. If the state does not satisfy the
condition of non-classicality (1), we assign zero to both
distances d0 = d0⊗M = 0 to avoid obtaining negative dis-
tance. We stress, that this distance does not quantify
an amount of non-classicality. The distance for N emit-
ters producing individually ρS with the same efficiency
of generation η is
d = N
√
M2 + 1 log10
(
1− ηM
)
M
√
1− η
≈ N (M − 1)
√
M2 + 1
2M2 ln 10
η2 (5)
where the approximation is valid for typical low-efficient
emitters with η ≪ 1. Interestingly, light from many
emitters increases the distance of the point from the non-
classicality threshold. As can be seen in Fig 2, the dis-
tance is very sensitive to the single photon emitter effi-
ciency η. Furthermore, the presented plot suggests, that
small number of the experimental runs will suffice to ob-
tain reliable estimate about non-classicality of emitted
light. For larger number of detectors M , the distance d
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FIG. 2: The reliability of the simplest criterion with M =
2 detectors in (1) is depicted for the discussed model
[η|1〉〈1|+ (1− η)|0〉〈0|]⊗N . The reliability is qualified by the
proposed distance d of a point (P0, P0⊗2) from the threshold
using equation (5). It affirms the advantage of using a large
ensemble of single photon states.
saturates to d ≈ N η22 ln 10 for small η ≪ 1. The small
η2 can be advantageously compensated by a large num-
ber of emitters N . This opens possibility to detect non-
classicality using only a fraction of emitted light.
Background noise
Since PM0 = P0⊗M for the classical noise with Poisso-
nian statistic, any source of multi-mode Poissonian noise
added to the emitters of nonclassical light keeps non-
classicality observable by (1), what can be simply proven
using (3). On the other hand, thermal incoherent back-
ground noise limits detection of nonclassical light [25].
The influence of the thermal noise on light from N sin-
gle photon emitters can be described by two principal
models
ρ
(N)
1 = [ρS ⊗ ρTH(n¯)]⊗N , ρ(N)2 = ρ⊗NS ⊗ ρTH(n¯), (6)
where ρTH(n¯) =
∑∞
n=0 n¯
n/(1 + n¯)n+1|n〉〈n| is thermal
noise with a mean photon number of n¯. We investigated
all criteria (1) and numerically verified that the basic cri-
terion for M = 2 is sufficient for both ρ
(N)
1 and ρ
(N)
2 for
arbitrary large N . It demonstrates that detection setup
for nonclassical light from the large ensemble can be very
simple. In many cases, we can use the simplest case with
M = 2, therefore we will further focus on this simplest
case.
In the state ρ
(N)
1 , which corresponds to the noise con-
tributing to each single emitter, non-classicality appears
if η > n¯/(1+ n¯). This condition holds for arbitrary large
number of emitters. On the other hand, for the right
state ρ
(N)
2 , which describes the background noise jointly
affecting all emitters, the threshold for non-classicality
interestingly decreases for a large number of emitters N .
For very low noise n¯ ≪ 1, the nonclassical light is de-
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FIG. 3: Estimation of the minimal time needed for the mea-
surement of non-classicality of light from N trapped ions cor-
responding to reaching the distance d more than three stan-
dard deviations from the non-classicality threshold. The solid
lines show simulation results employing attenuations of the
measured signal using both periodic switching-off of the de-
tectors and beam splitter attenuation, while the dashed lines
corresponds to the case where detectors saturation is avoided
only by more conventional beam-splitter method.
tected if
η >
n¯√
N
. (7)
It is a clear application of many emitters, they can be
used to detect non-classicality not measurable from a sin-
gle emitter. For the state ρ
(N)
1 , non-classicality tolerates
optical attenuation when T > n¯−ηηn¯ , irrespectively to N .
For η > n¯, the non-classicality cannot be destroyed by
attenuation and it is absolutely robust. For the state in
ρ
(N)
2 , the approximate condition (7) appeared to be also
for the absolute robustness.
Measurement time
A remaining limit for the detection of nonclassical light
seems to be only finite measurement time. The distance
from the threshold (1) for M = 2 is depicted in the
Fig. (2). The distances have to be smaller than demanded
number of standard deviation units obtained by
δ log10 P0⊗2 ∝
√
1− P0⊗2
P0⊗2tm
≈ e
Nη/2
√
tm
, (8)
where tm is measurement time. The approximation is
correct only with assumption η ≪ 1 and P0⊗2 ≪ 1. For a
large number of emitters and corresponding large photon
flux, the measurement time can be optimized by attenu-
ation of photon flux. The attenuation with efficiency T
modifies the probabilities to P0 = 1 − Tη/2 and P0⊗2 =
1−Tη. Clearly, any fixed number of these sources always
radiates provably nonclassical light preserved through
any attenuating channel. The attenuation can be opti-
mized to reach sufficiently high P0⊗2 and simultaneously,
not too small distance from the threshold. According to
(5) and (8), it appropriates to optimization of the mea-
sured time tm ∝ N2 exp(TNη)/(TNη)4. One can find an
optimal photon flux TNη and the corresponding increase
of time is quadratic in number of emitters. On the con-
trary, the necessary measurement time grows exponen-
tially without performing the optimal attenuation. Since
an arbitrarily large ensemble of such emitters generates
non-classical light, its detection reduces to search of rele-
vant experimental scheme and parameters optimization.
Experimental proposal
A large number of trapped atoms or ions [30, 31] can
be advantageously used for an experimental demonstra-
tion. We consider a system containing N ions in a cigar-
like shaped crystal [32] trapped in a focus of a lens with
a numerical aperture of 0.2 corresponding to 1% of the
full solid angle being continuously driven by excitation
laser. We estimate a minimal measurement time needed
to proof non-classicality of emitted light, which we set
to time needed for reaching d/σd = 3, where σd is one
standard deviation of measured distance d. We assume
that the number of ions in the trap is constant, which
is justified if tm ≪ τs/
√
N , where tm is measurement
time, τs is storage time of an ion in the trap and N is a
number of ions. Thus for very conservative storage time
τs = 1 day and an ensemble containing several tens of
ions, the measurement should no exceed one hour. If the
required measurement time exceeds this assumption, the
experiment can to be repeated several times with shorter
time duration and with same initial number of emitters,
so that statistics of decaying number of emitters is in-
cluded in the measured vacuum probability. Collected
photons are collimated and directed towards two APDs
through variable attenuator and an ordinary 50:50 BS as
depicted in Fig 1. The emitted fluorescence collected
by the lens is then detected with very modest overall
detection efficiency η=0.2 %, which corresponds to real-
istic value of single photon detector quantum efficiency
of 50 %, 50:50 splitting ratio of the beam splitter and
additional 20 % absorbtion and reflection losses at opti-
cal elements. Considering the excitation and detection
of the photons from the dipole transition of some fre-
quently used alkaline earth metal ions with the excited
state lifetime te ∼ 100ns, we set the length of the single
measurement time-bin to tb = 10ns ≪ te to minimize
the multi-photon contributions from the same ion in the
single time-bin. The efficiency η can be further artifi-
cially decreased by the variable attenuation with factor
T . This attenuation strongly influences the measurement
duration and one can find optimal T < 1 which min-
imizes the measurement time. The estimated optimal
photon flux per single time bin in our case corresponds
to NTη ≈ 4.1. The probability of a click for such flux is
51−P0⊗2 ≈ 0.98. As can be seen in the simulation results
presented in Fig. 3, our approach enables to demonstrate
non-classicality of emitted light within a 100 hours for
an ensemble of up to N ∼ 104 ions, which approaches a
truly macroscopic limit.
In the presented simulation we account for the effect of
saturation of conventional single photon detectors which
becomes substantial typically at a count-rate of about
500 kHz, what corresponds approximately to ηN ∼ 0.05.
For the photon flux of the source below this value, the
APDs can be opened per each temporal mode without be-
ing saturated. As can be seen in the Fig. 3, the minimal
measurement time in this region rapidly decreases due to
the simultaneous increase of the distance d and measured
photon flux as the number of emitters N grows. Above
this region, we start avoiding the saturation of detectors
by keeping both APDs switched-off most of the time and
opening them only for 10 ns ∼ tb periods with a frequency
of the opening given by the saturation limit. Activa-
tion of this mechanism is responsible for a strong kink
in the dependence of the minimal measurement time on
the number of particles at ηN ∼ 0.05. Further increase
of the number of particles is compensated by decreasing
the overall time in which APDs are switched on. The
minimal measurement time in this region stays approxi-
mately constant up to the point, where the frequency of
APD switching-off reaches 500 kHz, which corresponds to
regime where one photon is detected at each APD in al-
most each detection period. We note, that we don’t con-
sider a detection of more than one photon by single APD
in a given detection interval, which is prohibited by dead
time τDT of APDs being typically τDT ≫ tb = 10ns. This
assures, that further increase of number of emitters will
not cause saturation in this regime. When compared to
conventional beam-splitter type of attenuation to obtain
the regime below detector’s saturation which is depicted
by a dashed line in Fig. 3, this approach substantially re-
duces total measurement time. This is mainly caused by
the fact, that an estimated optimal value of the ηN ≈ 4.1
is far behind the saturation limit of conventional single
photon detectors. Further increase of the number of emit-
ters and corresponding photon flux behind this value is
then compensated by usual beam-splitter type of atten-
uation with attenuation factor T which gives a quadratic
increase of measurement time.
Application and outlook
Practically, our methodology can be generally ap-
plied as an efficient tool enabling unambiguous searching
for nonclassical behavior hidden in various experimen-
tal platforms without any prior knowledge. A potential
of nonclassical states of large ensemble can be further
found in quantum metrology and quantum communica-
tion. The proposed experiment will likely move forward
ongoing investigation of quantum to classical transitions
with large quantum or even mesoscopic systems.
Methods
Statistics of emitters
Statistics of the number of emitters clearly influences
the non-classicality of emitted radiation. If the emitters
generate exactly single photon, the thermal (Poissonian)
statistics of emitters will produce thermal (Poissonian)
statistics of light. On the other hand, the emitters pro-
ducing states ρ = η|1〉〈1|+(1− η)|0〉〈0| can be measured
as nonclassical using the hierarchy of criteria (Eq. (1) in
the main text) only if
〈(1 − η
M
)N 〉M > 〈(1 − η)N 〉, (9)
where the averaging is over the fluctuating number of
emitters. Inserting low efficiency approximation 〈(1 −
η)N 〉 ≈ 1−η〈N〉+ η22
(〈N2〉 − 〈N〉) and 〈(1− ηM )N 〉 ≈ 1−
1
M η〈N〉+ η
2
2M2 (〈N2〉−〈N〉) with η ≪ 1 into the hierarchy
of criteria (Eq. (1) in the main text) and considering
terms only up to η2, we obtain that the variance
V (N) = 〈N2〉 − 〈N〉2 < 〈N〉 (10)
has to be smaller than Poissonian to obtain the nonclas-
sical light detectable for any M ≥ 2.
The approximation of small η ≪ 1 for (10) has
been verified numerically and compared to (9). Sub-
Poissonian statistics of single photon emitters therefore
suffices to generate detectable nonclassical light. For the
simplest scheme with M = 2 and the ensemble of imper-
fect single-photon emitters producing an approximative
state ρ ≈ (1 − η1 − η2)|0〉〈0| + η1|1〉〈1|+ η2|2〉〈2|, where
η1, η2 ≪ 1 are small single-photon and two-photon con-
tributions, we can approximatively obtain the condition
V (N) <
(
1− 2η2
η2
1
)
〈N〉. The ratio 2η2
η2
1
corresponds to
the ratio PC
P 2
S
converging to the correlation function g2(0)
for η1, η2 ≪ 1, where PC ≈ η2/2 is a probability of a
coincidence detection and PS ≈ η1/2 is approximately
a probability of a detection event at the single detec-
tor. Non-vanishing g2(0) therefore suppresses the upper
bound on V (N) below the Poissonian limit. If the num-
ber of emitters is controlled reasonably below Poissonian
limit, the detection of nonclassical states from a large
number of emitters is feasible.
Decaying number of emitters
For the test of non-classicality of emitted light from N
emitters, it is not needed to know the number of emitters.
It is ideal for the test, however, the number of single pho-
ton emitters exponentially decays with relatively small
time constant in many experimental platforms. They
can either gradually leave the ensemble to the environ-
ment or they can gradually loose possibility to emit light.
6Let us consider an ensemble that initially contains N sin-
gle photon emitters radiating maximally a single photon
with probability η. Further, we assume that a proba-
bility that an emitter radiates in the ensemble at time
t is P (t) = exp(−t/τs), where τs is storage time of the
emitter in the ensemble. The photon distribution of such
source in time is
Pn(t) =
N∑
k=n
(
N
k
)(
k
n
)
e−kt/τs(1−e−t/τs)N−kηn(1−η)k−n.
(11)
According to (11), it is possible to understand the losses
of emitters from the ensemble as an attenuation of emit-
ted light with the transmittancy T = e−t/τs . Thus, the
fluctuating number of emitters can be included in the
efficiency of the individual emitters η′ = ηe−t/τs , which
enters the vacuum probabilities P0⊗M = (1− η′)N and
P0 = (1− η′/M)N . Since η → η′, all previous conclu-
sions for η > 0 remain valid for η′ > 0, if the measure-
ment starts in time t0 and lasts for time tm much shorter
than tm ≪ τs/
√
N hence the number of emitters is stable
during measurement. However, long measurement time
or a large number of emitters violate this assumption and
the detected vacuum probability has to be averaged
〈P0⊗M 〉 =
1
tm
∫ t0+tm
t=t0
(
1− ηe−t/τs
)N
dt. (12)
The average probability 〈P0〉 is yielded by substitution
η → η/M in (12). The view, how this averaging limits the
observation of non-classicality, is reached in an approxi-
mation of very weak sources η ≪ 1, where the integration
is analytically achievable. The first two members in Tay-
lor expansion are P0⊗M (t) ≈ 1−Nη′(t)+N(N−1)η′(t)2/2
with η′(t) = η exp(−t/τs). To expand P0(t), we can sub-
stitute η → η/M in the expansion of P0⊗M (t). The
subtraction 〈P0〉M − 〈P0⊗M 〉 cancels the parts propor-
tional to η automatically. The second parts propor-
tional to η2 do not contribute to the expansion only if
N = tm/
[
tm − 2τs tanh
(
tm
2τs
)]
for any M ≥ 2. Conse-
quently, it dictates condition on a maximal number of
single photon emitters such that the measurement dura-
tion tm does not cause lost of non-classicality for η ≪ 1
and any M ≥ 2
N <
tm
tm − 2τs tanh
(
tm
2τs
) . (13)
The small time tm compared to the storage time gives
approximative condition N < τ2s /t
2
m. The lost of visi-
bility of non-classicality can be avoided by repeating the
measurement several times with the same initial number
of emitters.
Fluctuating single-photon efficiency
The efficiency of generation and detection of emitted
single photons from individual emitters η can fluctuate
during the measurement time, although the number of
emitters is definite. The probability of vacuum is then
P0 = 〈ΠNi=1(1 − ηi/M)〉 and P0⊗M = 〈ΠNi=1(1 − ηi)〉,
where ηi is the random efficiency of generation in ith
emitter and 〈...〉 means mean value. Let all the emit-
ters have 〈ηi〉 = 〈η〉. Considering that any two emitters
do not influence each other, we use 〈ηiηj〉 = 〈ηi〉〈ηj〉,
i, j = 1, . . . , N to obtain P0 = (1 − 〈η〉M )N and P0⊗M =
(1−〈η〉)N . It clearly satisfies PM0 > P0⊗M . The different
and fluctuating η of single photon emitters thus cannot
hinder the observability of nonclassical light. We can de-
tect non-classicality for the smallestM = 2, however, the
distance from the threshold increases for larger M .
[1] Peres, A. Quantum Theory: Concepts and Methods,
Kluwer, Dordrecht (1993).
[2] Schro¨dinger, E. Die gegenwertige Situation in der Quan-
tenmechanik Naturwissenschaften 23, 807 (1935).
[3] Haroche, S. Nobel Lecture: Controlling photons in a box
and exploring the quantum to classical boundary. Rev.
Mod. Phys. 85, 1083 (2013).
[4] Wineland, D. J. Nobel Lecture: Superposition, entangle-
ment, and raising Schro¨dingers cat. Rev. Mod. Phys. 85,
1103 (2013).
[5] B. Kanseri, T. Iskhakov, G. Rytikov, M. Chekhova, G.
Leuchs Multi-photon nonclassical correlations in entan-
gled squeezed vacuum states arXiv:1301.4471
[6] Monroe, C., Meekhof, D. M., King, B. E., & Wineland,
D. J. A Schro¨dinger Cat Superposition State of an Atom.
Science 272, 1131 (1996).
[7] Hempel, C. et al. Entanglement-enhanced detection of
single-photon scattering events. Nat. Phot. 7, 630633
(2013).
[8] Brune, M. et al. Observing the Progressive Decoherence
of the Meter in a Quantum Measurement. Phys. Rev.
Lett. 77, 4887 (1996).
[9] Dele´glise, S. et al. Reconstruction of non-classical cavity
field states with snapshots of their decoherence. Nature
(London) 455, 510 (2008).
[10] Jeong, H. et al. Generation of hybrid entanglement of
light. Nat. Phot. 8, 564 (2014).
[11] Morin, O. et al. Remote creation of hybrid entanglement
between particle-like and wave-like optical qubits. Nat.
Phot. 8, 570 (2014).
[12] Vlastakis, B. et al. Deterministically encoding quantum
information using 100-photon Schro¨dinger cat states. Sci-
ence 342, 607 (2013).
[13] McConnell, R., Zhang, H., Hu, J., C´uk, S., & Vuletic´, V.
Entanglement with negative Wigner function of almost
3,000 atoms heralded by one photon. Nature 519, 439
7(2015).
[14] Glauber, R. J. Coherent and Incoherent States of the
Radiation Field. Phys. Rev. 131, 2766 (1963).
[15] G. Brida, M. Bondani, I. P. Degiovanni, M. Genovese
, M. G. A. Paris, I. R. Berchera, V. Schettini On the
Discrimination Between Classical and Quantum States.
Found. of Phys. 41, 305 (2011)
[16] W. Vogel, Nonclassical States: An Observable Criterion.
Phys. Rev. Lett. 84, 1849
[17] Zurek, W. H., Decoherence, einselection, and the quan-
tum origins of the classical. Rev. Mod. Phys. 75, 715
(2003).
[18] Ritter, S. et al. An elementary quantum network of single
atoms in optical cavities. Nature 484, 195 (2012).
[19] Stute, A., et al. Quantum-state transfer from an ion to a
photon. Nat. Phot. 7, 219 (2013).
[20] Nowak, A. K. et al. Deterministic and electrically tunable
bright single-photon source. Nat. Comm. 5, 3240 (2014).
[21] Sipahigil, A. et al. Indistinguishable Photons from Sep-
arated Silicon-Vacancy Centers in Diamond. Phys. Rev.
Lett. 113, 113602 (2014).
[22] Siyushev, P., Stein, G., Wrachtrup, J. & Gerhardt, I.
Molecular photons interfaced with alkali atoms. Nature
509, 66 (2014).
[23] Filip R. & Mita, L., Jr. Detecting Quantum States with
a Positive Wigner Function beyond Mixtures of Gaussian
States. Phys. Rev. Lett. 106, 200401 (2011).
[24] Jezˇek, M., et al. Experimental Test of the Quantum Non-
Gaussian Character of a Heralded Single-Photon State.
Phys. Rev. Lett. 107, 213602 (2011).
[25] Lachman, L. & Filip, R. Robustness of quantum non-
classicality and non-Gaussianity of single-photon states
in attenuating channels. Phys. Rev. A 88, 063841 (2013).
[26] Straka, I. et al. Quantum non-Gaussian Depth of Single-
Photon States. Phys. Rev. Lett. 113, 223603 (2014).
[27] Kimble, H. J., Dagenais, M. & Mandel, L. Photon An-
tibunching in Resonance Fluorescence. Phys. Rev. Lett.
39, 691 (1977).
[28] Grangier, P., Roger, G. & Aspect, A. Experimental Ev-
idence for a Photon Anticorrelation Effect on a Beam
Splitter: A New Light on Single-Photon Interferences.
Europhysics Letters 1, 173 (1986).
[29] Filip, R. & Lachman, L. Hierarchy of feasible nonclassi-
cality criteria for sources of photons. Phys. Rev. A 88,
043827 (2013).
[30] Albert, M., Dantan, A. & Drewsen, M. Cavity elec-
tromagnetically induced transparency and all-optical
switching using ion Coulomb crystals. Nat. Phot. 5, 633–
636, (2011).
[31] Drewsen, M., Brodersen, C., Hornekar, L., Hangst, J.
S. & Schifffer, J. P. Large Ion Crystals in a Linear Paul
Trap. Phys. Rev. Lett. 81, 2878, (1998).
[32] Block, M., Drakoudis, A., Leuthner, H., Seibert P. &
Werth, G. Crystalline ion structures in a paul trap. J.
Phys. B: At. Mol. Opt. Phys. 33, 375–382, (2000).
Acknowledgements
We acknowledge financial support from grant No.
GA14-36681G of the Czech Science Foundation. L.L.
acknowledges the support of Palacky´ University (IGA-
PrF-2015-005).
Author contributions
R.F. provided the idea, theoretical concept and general
analysis. L.L. mainly contributed to detailed theoretical
calculations and analysis of measurement. L.S. suggested
experimental test and analysis of measurement. All au-
thors were involved in writing, editing and revising the
manuscript.
Additional Information
a. Competing financial interests: The authors de-
clare no competing financial interests.
